Edwardsiella piscicida is an infectious Gram-negative bacterium that causes great losses to the aquaculture industry worldwide. Based on pattern analysis of conditional essentiality (PACE), a new method for transposon insertion sequencing (Tn-seq) data analysis, we investigated the genome-wide genetic requirements during the dynamic process of infection and colonization in turbot in this study. As a result, disruption of ETAE 1437 was discovered to lead to substantially reduced colonization, which was similar to the in vivo dynamic patterns of the mutants of T3SS or T6SS. Bioinformatics analysis indicated that ETAE 1437 is a YebC/PmpR family regulator. Moreover, we found that ETAE 1437 not only regulated quorum sensing by directly binding to the edwR promoter region but also activated T3SS expression by directly binding to the promoter region of the T3SS gene ETAE 0873. In addition, ETAE 1437 mutants exhibited substantial colonization defects and significantly decreased virulence in turbot. Overall, this study identified ETAE 1437 as a novel virulence regulator in E. piscicida and enriched our understanding of the pathogenesis of E. piscicida in fish. We thus reannotated ETAE 1437 as YebC.
INTRODUCTION
Transposon insertion mutagenesis coupled with nextgeneration sequencing (Tn-seq) has been developed into a powerful technique to explore gene function (Chao et al. 2013; Vandewalle et al. 2015; Chao et al. 2016) . Tn-seq is revolutionizing microbiological studies by facilitating researchers to perform genome-wide exploration in a wide range of bacterial species with unprecedented depth and under a multitude of conditions. Several kinds of Tn-seq approaches have been independently developed, such as insertion sequencing (INSeq) (Goodman et al. 2009 ), high-throughput insertion tracking by deep sequencing (Gawronski et al. 2009 ), transposon insertion site sequencing (TIS-Seq) (Fu, Waldor and Mekalanos 2013) , and transposon-directed insertion site sequencing (TraDIS) (Langridge et al. 2009 ). In particular, Tn-seq has been widely applied to investigate the virulence determinants of infection and host colonization by pathogens (Fu, Waldor and Mekalanos 2013; Cole et al. 2017; Gao et al. 2017) . Yang et al. have developed a new method for Tn-seq data analysis, termed pattern analysis of conditional essentiality (PACE), which analyzes the dynamic fitness of mutants at the genome scale during infection and colonization by the pathogen .
Edwardsiella piscicida EIB202 (formerly named E. tarda EIB202) is an opportunistic Gram-negative pathogen towards mariculture fish (Xiao et al. 2008) . E. piscicida bacterium is a member of the enterobacteriaceae and has a wide host range, including humans and freshwater and marine fish, such as catfish, turbot and zebrafish (Park, Aoki and Jung 2012) . Due to the pathogenicity of this bacterium, E. piscicida causes severe intestinal and extra-intestinal infections and leads to severe commercial losses for the aquaculture industry (Cabello 2006; Castro et al. 2008) . A number of virulence factors are involved in the pathogenesis of this bacterium, such as adhesins and flagella.
The most important mechanisms via which pathogens infect and colonize hosts include the type III secretion system (T3SS), type VI secretion system (T6SS) and quorum sensing system (QS), which mediates cell-to-cell communication and coordinates the contributions of members of a population, allowing the population to invade and interact with hosts (Anantharajah, Mingeot-Leclercq and Van 2016; Silva et al. 2017, Lopez and Feldman 2018; Nguyen et al. 2018) . In E. piscicida, there exists an intact T3SS, an intact T6SS and three putative QSs Leung et al. 2012; Liu et al. 2017) . These virulenceassociated systems facilitate the pathogenesis of E. piscicida, leading to severe diseases in fish. One of the QSs consists of EdwI/R. The QS regulated by EdwI/R responds to the extracellular signaling molecule N-acyl-homoserine lactone (AHL) and mediates the expression of virulence-associated genes (Morohoshi et al. 2004 ). In addition, T3SS and T6SS, precisely regulated by EsrB in E. piscicida, are needle-like structures and are the main passages for the translocation of effectors into host cells (Hou et al. 2017; Chen et al. 2017; Cao et al. 2018) .
In this study, we discovered a novel protein, ETAE 1437, via PACE screening in turbot. Bioinformatics analysis indicated that ETAE 1437 was a YebC/PmpR family protein and is involved with QS regulation. Furthermore, we discovered that the YebC family protein ETAE 1437 regulates T3SS expression by directly binding to one of the T3SS operon promoter regions, resulting in significant effects on virulence toward the host.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Bacterial strains and plasmids used in this study are shown in Table 1 . E. piscicida strains were grown at 28
• C. Luria-Bertani broth or Luria-Bertani agar (LB, Oxoid, Hampshire, England) were used for routine incubation, and Dulbecco's modified Eagle's medium (DMEM and Opti-MEM, Invitrogen, Grand Island, NY) was used to induce T3SS expression. When required, antibiotics were supplemented at the following working concentrations: polymyxin B (Col, 12.5 μg ml −1 ), ampicillin (Amp, 100 μg ml −1 ), kanamycin (Km, 50 μg ml −1 ), streptomycin (Str, 100 μg ml −1 ) and gentamicin (Gm, 25 μg ml −1 ).
Tn-seq screening by PACE in turbot
Tn-seq and data analysis were performed as described by Yang et al. (2017) . Briefly, the transposon insertion mutant libraries were previously generated by conjugation between E. piscicida EIB202 (transposon recipient) and Escherichia coli SM10 λpir/pMKGR (transposon donor) . After overnight incubation in LB at 28
• C with shaking, the approaching saturated transposon mutant library was collected for intraperitoneal (I.P.) injection into turbot (weighing 50.0 ± 5.0 g) at a dose of 3 × 10 6 CFU/fish and for the input library. At the indicated time point, the turbot were aseptically dissected to obtain livers, spleens, and kidneys, from which mutants were harvested for output library construction, which was followed by next-generation sequencing. High-throughput sequencing was conducted on Illumina MiSeq platforms (Illumina, San Diego, USA), and 2 to 3 million reads were obtained for each library. Details regarding to the sequencing protocol, read processing and mapping of reads to the E. piscicida EIB202 chromosome were performed as previously described (Fu, Waldor and Mekalanos 2013) . Essential loci were determined using the HMM module of EL-ARTIST (window size of 10 TA sites; P < 0.01) (Chao et al. 2016) .
Construction of the yebC deletion mutant and the complementation strain
The ETAE 1437 (yebC) deletion mutant was constructed by using the suicide plasmid pDMK following a sacB-based allelic exchange strategy . PCR was performed to generate the upstream and downstream fragments of yebC with primer pairs of pDMK 1437 P1/-P2 and pDMK 1437 P3/-P4, respectively. The primers used are listed in Table 2 . The fragments were cloned into the vector of pDMK following Gibson assembly protocol (Gibson et al. 2009 ). The vector pDMK was linearized by XbaI (NEB, Beijing) in the multiple cloning sites in advance. The recombinant plasmids were transformed into E. coli DH5α λpir. After sequencing, the correct plasmids were transformed into E. coli SM10 λpir. To introduce the plasmid into E. piscicida, conjugal transfer was conducted. The transconjugants with the plasmids integrated into the genome were selected for on LuriaBertani agar (LBA) plates containing Cm and Col. To complete the allelic exchange for in-frame deletion, double-crossover events were selected on LBA plates containing 12% sucrose. All mutations were confirmed by PCR amplification with the corresponding primers and subsequent DNA sequencing of each PCR product.
To construct the complemented strain, the intact yebC gene and the putative promoter region of the gene were amplified and introduced into the pUTt vector, which was digested with EcoRI and HindIII ( Table 1 ). The resulting plasmid was transformed via electroporation into the yebC deletion or null strains ( yebC or yebC::Tn). Amp-and Col-resistant colonies were selected, and transformation was verified by PCR analysis and sequencing. All primers used for the construction of the mutants are listed in Table 2 .
Cell culture, bacterial infection and fluorescence microscopy
HeLa cells (ATCC CCL-2) were cultured at 37
• C in 5% CO 2 in DMEM supplemented with 10% (v/v) fetal bovine serum, penicillin (100 U ml −1 ), and streptomycin (100 μg ml −1 ) Xiao et al. 2009 for 30 min to kill the extracellular bacteria. Then, the Gm concentration was decreased to 10 μg ml −1 for the remainder of the experiment (Zhang et al. 2016) . At the indicated time point, cells were washed twice with PBS and fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and stained with DAPI (Beyotime Biotechnology, China) for 30 s at room temperature. Images were acquired by an A1R confocal fluorescence microscope (Nikon, Japan). The intracellular bacteria in HeLa cells were plating numerated. The relative eGFP fluorescence was normalized by mCherry fluorescence level using Image J (Knight et al. 2018) . The relative eGFP fluorescence in EIB202::Tn + P eseB -EGFP was arbitrarily set as 100.
AHL detection
After incubation in DMEM for 48 h, the supernatants of WT, edwR, yebC::Tn, yebC and yebC + were collected after centrifugation at 13,000 × g for 2 min, which was followed by filtration through 0.22-μm filters. Ten microliters of the supernatant were dropped onto the patches of reporter strain Chromobacterium violaceum CV026, which had been preincubated on LBA plates at 30 • C. Then, the reporter colonies covered with the supernatants were incubated at 30 • C without shaking for an additional 12 h. The colors of the colonies were observed and recorded as previously described ).
Luminescence and OD 600 detection
After overnight incubation in LB, WT yebC::Tn and yebC carrying pUTt-P edwR -luxAB (Iqbal et al. 2017) were inoculated into DMEM and incubated at 28
• C without shaking. Luminescence expression was monitored every 2 h by adding 40 μl of 1% capraldehyde (dissolved in ethanol) into each sample and then measured on a Berthold Orion II bioluminescence reader (Berthold Detection Systems, Pforzheim, Germany). Meanwhile, the OD 600 values of the strains were measured using a microplate reader (BioTek, USA).
Quantitative real-time PCR (qRT-PCR)
qRT-PCR was performed as previously described (Liu et al. 2017) . cDNA were obtained using mRNA as template with PrimeScript Table 2 . Primers used in this study. 
Protein expression and purification
Recombinant YebC proteins were routinely prepared as previously described (Yeo, Park and Lee 2017) . Briefly, His6-tagged YebC was expressed in E. coli BL21 (DE3). When the optical density (OD 600 ) reached 0.6, the bacterial culture was cooled in ice water for approximately 10 min and supplemented with 0.2 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG), and then, expression was induced at 25
• C and the cells were allowed to grow overnight. After cell lysis using a French press, the cell lysate was collected by centrifugation at 12 000 × g for 30 min at 4 • C and loaded onto a Ni-affinity column (GE Healthcare, USA). After removal of the contaminant proteins with buffer A (20 mM Tris, 500 mM NaCl, pH 7.4) containing 80 mM imidazole, the His-tagged YebC protein was eluted using buffer A containing 300 mM imidazole. The eluted protein solution was dialyzed in buffer A at 4
• C for approximately 5 h. Subsequently, the purified YebC protein was stored at -80 • C.
Turbot fish maintenance, virulence and competitive index assays
Healthy turbot weighing 50.0 ± 5.0 g were selected and acclimatized for 2 weeks with a continuous flow of seawater at 14-18 • C in clean aerated tanks. The virulence in turbot was measured with the WT (harboring pEIB202), WT (with the deletion of pEIB202, pEIB202), esrB, yebC and yebC::Tn strains at an I.P. injection dose of 5.0 × 10 4 CFU. The turbot mortalities were recorded after injection for up to 14 days. For the competitive index (CI) assay, WT (pEIB202) was mixed with WT ( pEIB202), esrB, yebC, or yebC::Tn at a ratio of 1:1, and turbot were given I.P. injections of the mixture at a dose of 2 × 10 3 CFU. Plasmid pEIB202 has been established to be not involved in the colonization of EIB202 (Liu et al., 2017; Yang et al., 2017) . Five turbot were used in each group of the biological replicates. Livers from the turbot in each group were harvested 14 days post injection (d.p.i.) and crushed and then plated on deoxycholate hydrogen sulfide lactose agar (DHL; Eiken, Tokyo, Japan) containing 100 μg ml −1 Str as well as DHL agar plates without Str. The cells were 
Statistics
Statistical analyses were performed using GraphPad Prism version 6.0 for Windows (GraphPad Software).
RESULTS
PACE analysis in turbot identify ETAE 1437 involved in in vivo fitness
Tn-seq facilitates genome-wide analysis of genetic determinants in certain conditions. Using the mariner-based Himar1 transposon (Liberati et al. 2006) , we constructed a transposon mutant library containing approx. 200 000 mutants, which was I.P. injected into turbot at a dose of 3 × 10 6 CFU. A series of time points-2, 8, and 14 d.p.i.-was used to observe the dynamic infection process. The Tn-seq data were processed and analyzed by PACE . Based on the dynamic colonization of the mutants, mutants exhibiting similar in vivo dynamics fitness were classified together. A total of 155 mutants displayed substantially reduced colonization (final input/output fold change > 10) (Table S1) , and the related genes were defined as conditional essential (CE) genes for growth in turbot. The 155 CE genes were categorized into 15 groups of Clusters of Orthologous Groups, mainly including function unknown (30 genes), secretion (25 T3SS genes, 10 T6SS genes), energy production conversion (17 genes), metabolism and transcription/translation (18 genes), etc. The T3SS and T6SS genes as well as most of the identified genes have been established to be essential for the in vivo growth and infection in fish . Here, we were intrigued in ETAE 1437, a hypothetical protein, displayed the similar in vivo fitness dynamics to that of the T3SS related genes, such as eseC, eseD, and esrB (Leung et al. 2012) (Fig. 1a) . According to the PACE categorization, ETAE 1437 was grouped into Cluster 2 as most of the T3SS genes . The abundance of Tn-seq reads of ETAE 1437 and T3SS genes, i.e. eseC/D, and esrB, in bacterial cells recovered in turbot 14 d.p.i. were significantly lower than those of the input library grown in LB (Fig. 1b) . However, the abundance of Tn-seq reads of the flanking ntpA and ruvC were similar to those of the input library. This result suggested that ETAE 1437 is an important determinant of in vivo fitness and may be associated with in vivo regulation of T3SS.
Bioinformatics analysis of ETAE 1437
The protein encoded by ETAE 1437, consisting of 243 aa, is annotated as a YebC/PmpR family protein and is homologous to YebC from E. coli, PmpR from Pseuodomonas aeruginosa, and YrbC from Bacillus subtilis (Liang et al. 2008) . The protein encoded by ETAE 1473 is evolutionarily closer to the homologs from Yersinia nurmii and E. coli than to Coxiella burnetii, B. subtilis, and P. aeruginosa (Fig. 2a) . Even though the homologs from C. burnetii, B. subtilis and P. aeruginosa were classified into one branch, the evolutionary distance of these proteins from each other was large, which suggested that ETAE 1437 is highly conserved in enterobacteria.
The ETAE 1473 protein structure was modeled based on YebC (4F3Q) from C. burnetii using Phyre 2.0 (http://www.sbg.bio.ic.ac.uk/servers/phyre2/). The structural identity of these two proteins was 100%, and these two protein structures can be superimposed on each other perfectly (Fig. 2b) . The classical helix-turn-helix structure located at the N-terminal of ETAE˙1437 revealed that ETAE 1437 is a YebC/PmpR family DNA-binding transcriptional regulator. We thus reannotated ETAE 1437 as YebC. 
YebC mediates quorum sensing
EdwI/R is one of three QSs of E. piscicida and is homologous to LuxI/R from Vibrio fischeri (Chu et al. 2015; Gu et al. 2016) . The YebC family protein PA0964 has been reported to bind directly to the pqsR promoter region in P. aeruginosa (Liang et al. 2008) . We speculated that ETAE 1437 might play a similar role in repressing QS by mediating edwR expression. To validate this hypothesis, the luxAB promoter driven by edwR promoter (P edwR ), P edwRluxAB, was constructed and cloned into the pUTt vector and then transformed into WT, yebC::Tn, yebC, edwR and edwI. The constructed strains were inoculated into DMEM and statically incubated at 28
• C. The growth curves of yebC::Tn, yebC, edwR and edwI were similar to that of WT (Fig. 3a) . edwR displayed significantly higher P edwR activity than WT, which suggested that EdwR repressed its own expression (Fig. 3b) . EdwI is homologous to LuxI and is responsible for AHL synthesis in E. piscicida. The expression of edwR was higher in edwI than in WT, which suggested that the AHL signal might repress EdwR expression (Fig. 3b) . When the bacterial growth approached the mid-log phase, edwR expression was substantially higher in yebC and yebC::Tn than in WT, which suggested that YebC repressed edwR expression.
To further explore the mechanism via which YebC regulates QS, the YebC protein was expressed and purified to conduct an EMSA with Cy5-labeled DNA probes. YebC was able to bind to the edwR promoter region but was unable to bind with gyrB, which suggested that YebC repressed QS by directly binding to the edwR promoter region and regulating edwR expression (Fig. 3c) . The culture supernatants of WT, edwI, yebC::Tn, yebC, yebC + and were collected for the detection of AHL with C. violaceum CV026 reporter. The results indicated that abrogation of ETAE 1437 resulted in significantly higher AHL production in yebC and yebC::Tn, and complementation of yebC reduced AHL level in yebC + , which suggested that ETAE 1437 gene product also repressed AHL production (Fig. 3d) . Taken together, these data suggest that YebC modulates QS by directly regulating EdwR expression and by controlling auto-inducer production.
YebC regulates T3SS expression
To investigate the relationship of YebC and T3SS expression, bacterial strains were inoculated into DMEM and statically incubated at 28
• C for 24 h. The strains with mutation in yebC, yebC::Tn and yebC disrupted, as esrB did, auto-aggregation mediated by filamentous structure constituted by T3SS protein EseB (Gao et al., 2015) , and the reintroduction of yebC into the yebC mutants restored the auto-aggregation to the WT level (Fig. 4a) . SDS-PAGE analysis of the extracellular protein (ECP) profiles indicated that esrB completely abolished all T3SS and T6SS ECPs (Chakraborty et al. 2010 ). The yebC::Tn mutant exhibited significantly lower yields of EseBCD, but the T6SS protein bands were comparable to those for WT. Consistent with this finding, yebC also exhibited markedly decreased EseCBD production compared to WT (Fig. 4b) . In addition, the result of western blotting investigation of EseB expression with the anti-EseB antibody was consistent with the results of the auto-aggregation and SDS-PAGE analyses (Fig. 4c) , which revealed that YebC activates T3SS expression in vitro. The complementation of yebC restored the phenotype to WT in yebC and partially restored in yebC::Tn (Figs. 4b and 4c ). HeLa cells were used as an infection model to investigate T3SS expression of yebC mutants and the colonization ability of yebC mutants. To observe T3SS expression in HeLa cells, eseBpromoter-driving eGFP reporter was constructed and cloned into the pUTt vector, which was followed by transformation into the strains of EIB202::Tn, esrB::Tn, yebC::Tn, and yebC::Tn. The transposon insertion mutants were used due to the mCherry label on the transposon, which can be used to label bacterial cells. HeLa cells were infected with these strains at an MOI 100. At the indicated time point, HeLa cells were fixed and stained with DAPI. The eGFP was expressed normally in mCherry-labeled EIB202 in HeLa cells, and the esrB mutant showed abolished eseB expression and significantly lower intracellular colonization (Figs. 4d-f) . Similar to the esrB mutant, the yebC::Tn mutant decreased eseB expression and fewer intracellular bacterial cells colonized in HeLa cells as well. yebC showed significantly lower P eseB activity than WT and higher than that in yebC::Tn mutant (Figs. 4d-f) . Along with the quantitative analysis of the eGFP expressing and bacterial colonization of the above-mentioned strains in HeLa cells (Figs. 4e-f) , these results were consistent with in vitro data (Figs. 4a-c) and revealed that YebC activates T3SS expression that affects E. piscicida growth in HeLa cells.
EMSA experiments were performed to test if YebC directly controls T3SS expression (Fig. 4g) . According to the diagram depicting T3SS in E. piscicida (Fig. 4h) , there exist six putative promoters in the T3SS gene island. As shown in Figs. 4b-c, the expression of EseBCD in yebC mutants decreased, and the expression of T6SS proteins EvpIPC was not significantly affected. EsrA-EsrB is a two-component system that precisely regulates T3SS and T6SS expression. In addition, EsrC is another master regulator of T3SS and T6SS. Therefore, YebC might not bind to the esrA, esrB, or esrC promoter regions but might only mediate T3SS expression through binding to these promoters (Fig. 4h) . The ETAE 0873, esaM and esrB promoters were labeled with Cy5 and EMSA was performed with the purified YebC protein. The ETAE 0873 promoter showed binding affinity for YebC, but the esrB and esaM promoter regions did not (Fig. 4g) , which revealed that YebC activates T3SS via direct binding with the ETAE 0873 promoter to control the transcription of the eseBCD operon.
YebC mutants showed virulence attenuation and colonization defects in fish
Turbot, the natural host of E. piscicida, was used to detect the virulence of the yebC mutants. WT, esrB, yebC::Tn, and yebC * * * , P < 0.001; * , P < 0.05 based on ANOVA.
(g) EMSAs were performed with the YebC protein and Cy5-labeled DNA probes of the ETAE 0873, esrB and esaM promoters. Excess poly(dI:dC) was used to as a competitor for DNA-protein binding. (h) Diagram of the T3SS gene locus in E. piscicida.
were I.P. injected into turbot at a dose of 5.0 × 10 4 CFU, and subsequently, the fish mortalities were recorded for up to 14 days. Meanwhile, WT, esrB, yebC::Tn, and yebC were mixed with WT carrying the streptomycin resistance plasmid pEIB202 at a ratio of 1:1, and the mixtures were I.P. injected into turbot at a dose of 2 × 10 3 CFU for 14 days after infection (Guan et al. 2018) .
The mortality ratios of the fish infected with esrB, yebC::Tn, and yebC were 11.76%, 23.5% and 52.9% at 14 d.p.i, which were significantly lower than the fish challenged with WT with 100% death at 10 d.p.i, respectively. The strains of yebC::Tn and yebC exhibited significant colonization defects and virulence attenuation in turbot as esrB did (Figs. 5a and 5b), which revealed that YebC activates virulence expression and promotes in vivo colonization.
DISCUSSION
The YebC/PmpR family regulator proteins belong to a large group of widespread conserved hypothetical proteins with unknown function (Shin et al. 2002) . This family has been extensively characterized from the structural perspective. The crystal structures of YebC proteins from E. coli, Aquifex aeolicus, and Helicobacter pylori have been solved (Franklin et al. 2015) . Structural analysis revealed a large cavity with a predominance of negatively charged residues on the surface of this protein. The yebC locus on the chromosome is close to the ruv genes and is co-transcribed with ruvC in various bacteria (Hishida et al. 1996) . The ruv genes encode subunits of the Holliday junction resolvase, which suggests that the YebC protein might also be involved in DNA recombination and repair (Khan and Kuzminov 2012; Gupta, Yeeles and Marians 2014) . In addition, Brown et al. discovered that YebC, a putative regulator, mediates proteolysis in Lactobacillus (Brown et al. 2017) .
Further investigation is required to analyze the putative roles of E. piscicida YebC in the abovementioned processes. Liang et al. (2008) have reported that the YebC family protein PA0964 represses QS by directly binding to the promoter region of the QS master regulator pqsR in Pseudomonas aeruginosa. In P. aeruginosa, there exist three intact QS systems-the quinolone signal (PQS) system and two N-AHL mediated systems. The master regulator PqsR regulates transcription of the pqsABCDE and phnAB operons in response to the quinolone signal. EdwIR is homologous to LuxIR from Vibrio and regulates the QS system in response to the AHL signals that are synthesized by EdwI. In this study, we confirmed that the YebC family protein ETAE 1437 also mediates QS by directly regulating edwR expression in E. piscicida ( Fig. 3) . As there are no homologs of pqsR, pqsABCDE and phnAB in E. piscicida ), our findings may uncover another important role for YebC in QS regulation. Moreover, to the best of our knowledge, we are the first to report that YebC regulates T3SS expression, and this regulation is dependent on direct binding to one of the T3SS operon promoters to activate virulence expression in E. piscicida (Fig. 4) . This discovery expands the understanding of the role of YebC family proteins in bacterial pathogenesis. To date, T3SS is known to be regulated by two two-component systems, namely, EsrAesrB and PhoQ-PhoP. EsrA and PhoQ are membrane proteins and sense periplasmic or outer-membrane stimuli to activate EsrB and PhoP, respectively, via phosphorylation cascades. Phosphorylated PhoP mediates T3SS expression by directly binding to the esrB promoter to activate esrB transcription. EsrB, the master regulator, activates the expression of all T3SS genes, including an additional T3SS regulator, esrC (Leung et al. 2012) . YebC, a novel T3SS regulator discovered in this study, partially regulates T3SS genes expression by directly binding to the eseBCD operon, which is parallel to EsrB or EsrC regulation. Thus, this study further elucidated the complicated regulatory systems of T3SS and the interactions of these systems with host cells (Hou et al. 2017; Zhang et al. 2016; Chen et al. 2017; Liu et al. 2017) .
Interestingly, we observed that there exists a slight difference in the phenotypes of yebC::Tn and yebC, as observed in the assays of auto-aggregation (Fig. 4a) , SDS-PAGE (Fig. 4c) , HeLa infection (Figs. 4d-f ) or virulence towards turbot (Fig. 5) . Previously, we had completed a defined mutant library of EIB202 containing ∼30 000 mutants using a suicide plasmid pKGR carrying the mariner transposon Himar1 and never detected multiple simultaneous transposon insertions in the chromosome (data not shown), which suggested that the phenotype difference between these two strains may not result from transposon insertion elsewhere of yebC locus. In addition, expression of yebC in yebC::Tn rescued the auto-aggregation and T3SS expression (Figs. 4a-c) . We thus hypothesized that, due to polar effect, the transposon insertion in yebC locus may influence the expression of downstream ruvC, which co-transcribes with yebC. qRT-PCR analysis indicated that the transcription of ruvC was increased in yebC::Tn compared to that of WT. Additionally, overexpression of ruvC caused significantly decreases in ETAE 0873 and eseB expression (Fig. S1) . These results suggest that the phenotypic differences between yebC::Tn and yebC might be due to the polar effect of transposon insertion in yebC.
In conclusion, we discovered the novel in vivo virulenceassociated regulatory protein YebC via Tn-seq analysis. YebC directly regulates the QS system and T3SS in E. piscicida. This study expands our understanding of YebC/PmpR family proteins and of the roles played by these proteins in bacterial pathogenesis.
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